Nitric oxide can inhibit mitochondrial cytochrome oxidase in both oxygen competitive and uncompetitive modes. A previous model described these interactions assuming equilibrium binding to the reduced and oxidised enzyme respectively (Mason, et al. Proc. Natl. Acad. Sci. U S A 103 (2006) 708-713). Here we demonstrate that the equilibrium assumption is inappropriate as it requires unfeasibly high association constants for NO to the oxidised enzyme. Instead we develop a model which explicitly includes NO binding and its enzyme-bound conversion to nitrite. Removal of the nitrite complex requires electron transfer to the binuclear centre from haem a. This revised model fits the inhibition constants at any value of substrate concentration (ferrocytochrome c or oxygen). It predicts that the inhibited steady state should be a mixture of the reduced haem nitrosyl complex and the oxidized-nitrite complex. Unlike the previous model, binding to the oxidase is always proportional to the degree of inhibition of oxygen consumption. The model is consistent with data and models from a recent paper suggesting that the primary effect of NO binding to the oxidised enzyme is to convert NO to nitrite, rather than to inhibit enzyme activity (Antunes et al. Antioxid. Redox Signal. 9 (2007) 1569-1579.
Introduction
Nitric oxide (NO) has long been known to bind to the reduced [1, 2] and oxidised [2, 3] forms of mitochondrial cytochrome c oxidase. For many years these interactions were used to probe the oxygen binding site, rather than assuming they had any physiological importance. However, with the emergence of nitric oxide as a dynamic signalling molecule a number of groups showed that low (nM) levels of NO could reversibly inhibit oxygen consumption [4] [5] [6] [7] with high (μM) levels leading to irreversible damage [8] . In 1994 we showed that this inhibition was oxygen-concentration dependent [6] , consistent with binding to the reduced haem a 3 /Cu B binuclear centre, the oxygen reduction site. In 1997 we demonstrated the additional interaction with the oxidised enzyme could also be significant; this resulted in oxidation of the NO to nitrite and reduction of the enzyme [9] . Others have subsequently confirmed these findings [10] [11] [12] . The interaction with the oxidised enzyme is now being taken seriously by groups that previously only viewed NO as a competitive inhibitor [13, 14] . We [15] [16] [17] and others [18] [19] [20] [21] have reviewed the possible physiological and pathophysiological consequences of NO interactions with cytochrome oxidase.
There has been no direct measurement of NO binding to cytochrome oxidase in vivo, an admittedly difficult task. Therefore it is even more important to understand the details of the mechanism of inhibition, at least as much as it feeds into inhibitor constants, such as IC 50 . Ideally we should be able to use in vitro enzymology to predict the consequences of NO interactions with the enzyme, presuming of course we can measure the steady-state levels of O 2 and NO in vivo. A knowledge of the detailed inhibition kinetics is also key to any "systems model" of NO and oxygen consumption and delivery. Cytochrome oxidase inhibition has both oxygen-dependent and oxygen-independent phases [22] ; NO can be removed [10, 23] or produced [24] by the enzyme. NO separately affects blood flow, and hence oxygen delivery to mitochondria [25] . Previous dynamic physiological models of NO effects on respiration have focused on the purely competitive interaction [26] [27] [28] . We have explored the oxygen-dependent and oxygen-independent effects of NO on cytochrome oxidase [22] in the steady state using a quasi-equilibrium model. The purpose of this paper is to explore more fully the details of NO inhibition by creating a simple dynamic steady-state nonequilibrium model that can be used to explain and/or predict the various effects of NO on cytochrome oxidase in vivo.
Materials and methods
Steady-state rate equations for the cytochrome oxidase kinetic mechanisms in Fig. 2 , were solved using an automated King-Altman method implemented by BioKin Ltd (www.biokin.com/king-altman/). From the resulting equations IC 50 values for NO inhibition were obtained by using the Microsoft Excel™ Solver function [29] , varying the NO concentration until the rate was half that in the absence of NO. Enzyme intermediate concentrations in the steady state were solved by using a matrix method to solve directly for the steady-state rate [30, 31] , using Matlab™ 7.0 and/or Microsoft Excel™ 2004. The resulting calculated steady-state rates were also used to confirm the
Results
Depending on the maximal rate of electron entry, cytochrome oxidase can display oxygen competitive or uncompetitive behaviour with respect to inhibition by NO. At high maximal turnover the competitive interaction dominates, whereas the uncompetitive interaction predominates at low turnover. Fig. 2 illustrates this effect, plotting the effect of turnover and oxygen on the concentration where NO inhibits the enzyme by 50% (IC 50 ). The fitted points arise from an equilibrium model of inhibition where an affinity of 0.2 nM was used for binding to the reduced enzyme and 28 nM for binding to the oxidised enzyme [22] . This model of inhibition will be shown to be deficient as it will prove impossible to model the data using sensible values for the rate constants. To understand how this comes about we first need to look at the simplest models for NO binding at the oxidised and reduced enzyme. Fig. 2 (models A and B) describes a simple model of cytochrome oxidase that has historically been able to explain the oxygen kinetics in the purified enzyme [32] ; the presence of a proton electrochemical potential complicates matters [33] and will not be addressed directly in this paper. The model has an oxidised state (E) that cannot bind oxygen and a reduced state (ER) that reacts irreversibly with oxygen. An intermediate state (ES) exists that has accepted electrons from cytochrome c, but cannot yet react with O 2 . Simpler models can be used where the ES step is omitted [27] , but we shall see that removing this step makes it impossible to model NO inhibition effectively.
In models A and B, E corresponds to the fully oxidised enzyme, with ES having electrons in the haem a/Cu A centres and ER has these electrons transferred to the binuclear haem a 3 /Cu B centre. Electron entry from cytochrome c (the E ⇒ ES reaction) is modelled as a first order process. A faster first order process then transfers these electrons to the binuclear centre (ER). ER reacts with O 2 in an irreversible second order reaction, where four electrons are required to reduce O 2 to H 2 O. The effect of the redox state of cytochrome c is highly simplified in this model, an increase in the electron pressure from c being simply modelled as an increase in the rate constant for the E ⇒ ES step. Explicitly including a step for the oxidation and reduction of c is possible [27] , but leads to complexity in solving the steady-state rate equation.
At first glance it may not be obvious that models A and B should lead to oxygen kinetics that saturate and hence allow for the determination of an oxygen K m and competitive inhibition; no enzymesubstrate complex with oxygen is explicitly included. This is because although oxygen does bind reversibly to the reduced enzyme with an affinity of 8 mM [34] the resulting intermediate is immediately kinetically trapped, irreversibly breaking the oxygen-oxygen bond [35] . However, despite the lack of an ER-O 2 complex, model A leads to hyperbolic oxygen kinetics with k cat ¼
Competitive inhibition can then be introduced by including a species reversibly binding to ER (the O 2 reactive species). Binding to the E species will not be competitive with oxygen. Both of these possibilities for NO are included in model A. We then solved the steady-state rate equation for these two binding modes (ER or E) and determined the effect of [NO] on k cat and K m . Binding to ER alone results in NO decreasing the K m with no effect on k cat (pure competitive inhibition). Binding to E (model A) or E and ES (model B) both resulted in a decrease in k cat and a decrease in K m , with no resulting change in the ratio kcat Km . Functionally this effect is termed uncompetitive inhibition [36] and we therefore agree with Antunes et al. [14] that the use of noncompetitive in the title of a previous paper of ours [22] was misleading. However, inhibitor effects on mechanisms such as those in model A and B are somewhat counterintuitive. Classically the functional effect of uncompetitive inhibition (no change in kcat Km ) is achieved when the inhibitor binds only to the enzyme-substrate complex and not the free enzyme. However, in models A or B there is no explicit enzyme-substrate complex with oxygen; inhibitor binding to E (and/or ES) reduces the effective concentration of ER. Reducing the ER population will decrease not only the k cat , but also the oxygen K m , resulting in no effect on kcat Km . Inhibition will therefore be more effective at higher oxygen concentrations.
What are the effects on the IC 50 ? The following are the textbook equations describing the effects of a pure competitive and pure uncompetitive inhibitor on the IC 50 (reference [36] p. 127).
Fig . 3 plots IC 50 versus [O 2 ] using commonly accepted rate constants for the cytochrome oxidase mechanism in model A. Nitric oxide affinity for the oxidised and reduced states were set as in Mason et al [22] (0.2 nM for ER and 28 nM for E). Maximal turnover was varied by changing k 1 to create similar conditions to Fig. 1 . The values of k cat and the oxygen K m in the absence of NO using these rate constants at high turnover were 78 s − 1 and 0.2 μM respectively. At low turnover they were 13 s − 1 and 0.03 μM. From Eq. (1) it can be seen that the IC 50 for competitive inhibition rises linearly with oxygen concentration, with the intercept on the y-axis equal to K i [21, 22] . This is seen clearly in Fig. 3 Fig. 3 , the IC 50 at saturating oxygen is dependent on k 1 , increasing slightly with increases in its value. The key point to note, however, is that in most, if not all, published in vitro studies where oxygen is varied it is always kept well above the K m . Therefore, as in the major portion of Fig. 3 , where O 2 NN K m , the uncompetitive inhibition will generally manifest itself as an oxygen-independent IC 50 . We are now in a position to combine the competitive and uncompetitive interactions. Fig. 4a shows that Model A can create traces of broadly the same shape as the data in Fig. 1 . However, the strength of the inhibition is too strong in model A. The 28 nM affinity for the E state dominates the maximum level of the IC 50 , making the enzyme far too readily inhibited by NO at high O 2 compared to the experimental data [22] . However, introducing an additional step, where NO can bind to ES as well as E, can resolve this problem (Model B). Now with no change in the NO binding affinity (28 nM), NO inhibition becomes markedly less potent at high [O 2 ] and readily fits the data in Fig. 2 (Fig. 4b) . This is not surprising because model B, with rapid association and dissociation rates for NO, reduces to the equilibrium model used to fit the data in Fig. 2 in our previous paper ( [22] (note due to an error in our submission the model diagram in that paper, Fig. 3 , omitted the binding to the ES state necessary to fit the data). The difference between Model A and B is that the ENO species is now no longer a kinetic dead end as it can find a path to the oxygen reactive species via ESNO.
The model used to fit the data in Fig. 4b has a serious problem, however. It requires unfeasibly high [37] rates for the second order rate constant for NO binding to E and ES (10 12 
). In Fig. 4c we reduced this number to 10 7 M − 1 s − 1 whilst keeping the total affinity unchanged (by simultaneously reducing the off rate as well). Now the model can no longer fit the data as the NO inhibition is too strong.
In Fig. 5 we explore the nature of the enzyme intermediates present in the steady state in models A and B. At 30 nM NO in model A the E/ENO ratio is at equilibrium (0.93) throughout (Fig. 5a) . A similar situation exists for the rapid equilibrium version of model B for both the ES and ESNO states (Fig. 5b) . However, the absolute levels of ES are lower, reflecting the increased flux in this system. Lowering the rates for NO binding to E and ES moves the system out of equilibrium ( Fig. 5c and inset) . ESNO now is significantly populated in the steady state at the expense of ENO and ES.
Models of the type A and B are therefore not able to explain the steady-state inhibition data. We need to explicitly include more mechanistic data. The obvious area of deficiency is that oxidised cytochrome oxidase does not reversibly bind NO. Instead it oxidises it to nitrite and becomes reduced itself in the process. Model C (Fig. 2) illustrates this with NO binding to the E or ES state being followed by a rapid irreversible conversion to nitrite. There is then a slow nitrite removal from the enzyme, regenerating the E or ES complex.
Note that if the rate of enzyme-bound NO oxidation (k 6 ) is fast then the ratio of the nitrite removal (k 7 ) to the NO on rate (k 5 ) will be equivalent to the off and on rates for NO binding to the enzyme in models A and B. This is seen in Fig. 6a . Model C therefore has the same problem as Model B, with a requirement for super-fast on and off rates to model the experimental data adequately.
However, as we noted in our previous paper [22] nitrite removal is not independent of the state of the oxidised enzyme. The addition of electrons from haem a can dramatically accelerate nitrite removal [23] , presumably due to the strong requirement for charge compensation in the binuclear centre [38] . We therefore included this dominant route for nitrite removal by creating a direct path from ESNO 2 − to ER. ,
. For simple uncompetitive inhibition k 4 and k -4 were set to 0 whereas for simple uncompetitive inhibition k 5 and k |5 were set to 0. , k − 4 = 0.02 s
. Data points from Fig. 1 are superimposed on the model. (c) Model B,
Including this step had a dramatic effect on the model. We were now able to model Fig. 1 with rate constants for NO reactions at the oxidised and reduced enzyme consistent with those measured (~10 5 for the oxidised and 10 8 for the reduced). We conclude that Model C with k 8 N k 7 is a kinetically and thermodynamically sound dynamic model of NO inhibition of cytochrome oxidase. Antunes et al [14] have recently expanded their oxygen competitive model of nitric oxide inhibition of cytochrome oxidase to include interactions with the oxidised enzyme. This model is illustrated in Fig. 2 as model D. It is a simplified version of model C with the ES step being absent. NO binding to E creates a enzyme-nitrite complex (ENO 2 − ) with nitrite dissociating in a single step to create the oxygen reactive species ER. However, there is a complexity with regards to the nitrite dissociation rate (k 8 ). k 8 represents the reduction of the oxidized-nitrite complex by the electrons from reduced haem a (modelled as ES). Therefore increasing the rate of enzyme turnover can affect this rate by changing the population of the ES state. In our model C, k 8 is therefore set to be constant for any level of enzyme turnover. However, this is not possible in the simpler model D. In this model k 8 is varied by setting it as a linear function of k 1 -10% was the example used [14] . We used model D with identical rate constants to those in model C. k 1 in model D represents both k 1 and k 2 in model C and so was set at a number to result in an identical k cat for the two models (78 s − 1 at high turnover and 13 s − 1 at low turnover). Fig. 6c shows that the simple model D is able to model the data as well as the more complex model C. In fact there is no need to change k 8 between the high and low turnover states and doing so results in a poorer fit to the data. There are some other rate constants that differ from the Antunes paper [14] and our model C. Therefore we plotted the IC5 50 versus [O 2 ] using exactly the constants they used (Fig. 6d) . Although the high and low turnovers show the expected trends, interestingly in this case in an air-saturated solution (225 μM O 2 ) there is minimal effect of turnover on the IC 50 . An interesting, and counterintuitive, outcome of our previous modelling was the dependence of the steady-state enzyme intermediates on the NO concentration. We showed that the oxidized-NO complex persisted in the steady state even at very high [NO] -the system did not fully convert towards the higher affinity ferrous-NO complex. Also, intriguingly, at very low (physiological) [NO] there was a significant concentration of the oxidised-NO species, with minimal effect on oxygen consumption. We suggested that such a species might have a signalling/sensing role. How do these intermediates behave in the current model which more accurately explains the kinetic data? Fig. 7 illustrates this using conditions favouring the uncompetitive interaction: [O 2 ] = 150 μM and K cat = 13 s − 1 . The rapid equilibrium conditions (Fig. 7a) produce essentially the same trend as we have published previously [22] . At low [NO] there is formation of an E-NO 2 − complex that precedes significant enzyme inhibition. As
[NO] rises this species converts to an ESNO 2 − species and the reduced-NO complex forms (ERNO). The final inhibited species is a mixture of ESNO 2 − and ERNO. However, the situation differs in the model that allows ESNO 2 -to convert to ER (Fig. 7b) . Now there is no initial increase in E-NO 2 − ; ESNO 2 − and ERNO form simultaneously and proportionally to the decrease in enzyme turnover. The enzyme-NO complexes can no longer sense NO levels without an inhibition in oxygen consumption; at saturating [NO] the state is now driven to 100% ERNO complex. However, at any attainable NO concentration in an aerobic solution (b100 μM NO) there will still be significant levels of a binuclear centre with nitrite bound (ESNO 2 − ). Fig. 7c illustrates the inhibitory intermediates for the simple model D using the same rate constants. In agreement with Fig. 6 , the effects on the steady-state oxygen consumption are identical using model C and model D. However, the intermediates are not identical. This is better seen in Fig. 7d where model C and D are compared directly. At saturating NO model C asymptotes to the reduced-NO complex, whereas model D is a mixture of oxidised and reduced-NO species. However, at the important physiological or pathological levels of NO (b10 μM) any difference is inconsequential.
Finally it is instructive to see if the modelling can be brought full circle and regenerate the original data traces. This is as not as trivial as might be expected. In order to solve the steady-state rate equations certain assumptions are made; specifically the inhibitor must be able to associate and dissociate in the time course of the steady state measured and the enzyme concentration must not be in excess of the substrate or inhibitor. At a trivial level if the off rate for NO from the fully reduced enzyme was for example 0.0001 s − 1 then, in the time course of an NO addition to a respiring enzyme, the NO would never be able to enter a steady state and the steady-state assumption would be invalid. Similarly if the NO concentration was only 10% of the enzyme concentration then it would not matter how strong the binding affinity the inhibition in the steady state could never be N10%; it is possible to envisage such conditions in vivo. Fig. 8 shows a simulated trace for a typical in vitro experiment where a pulse of NO is added to cytochrome oxidase. Oxygen consumption is inhibited, but this inhibition is relieved as [NO] declines. It is therefore possible, as is the case with the experimental data, to plot the recovery of flux versus the NO concentration at different oxygen concentrations and hence calculate an IC 50 using exactly the same analysis on the model generated data as was done with the experimental data [22] . Table 1 shows that the kinetic traces generated by the model broadly lead to similar IC 50 values to those calculated assuming the steady-state assumption. This partly validates the NO pulse as a method for measuring the kinetic constants of cytochrome oxidase inhibition by NO. However, there are interesting differences. At low turnover the fitted data, fitted model and calculated model data are very close. However, at high turnover the kinetic fits to the simulated data lead to a lower IC 50 than the model. This effect is more noticeable at high [O 2 ]. We have seen this previously [39] and have attributed it to the low off rate for NO from the ferrous haem a 3 (0.02 s
) preventing the time courses being described as a set of true steady states; increasing the off rate to 0.1 s − 1 resulted in removing the anomaly [39] . The slightly faster rates of NO removal from the oxidised enzyme (0.07 s − 1 ) presumably make this effect less noticeable for the low turnover situation.
Discussion
In this paper we have created a dynamic model of nitric oxide inhibition of oxygen consumption by cytochrome c oxidase. The data fits our in vitro studies on the purified enzyme and, importantly, requires no artificial mechanism to describe the different nature of the inhibition (competitive/uncompetitive) at different rates of electron entry. We have not tested the model extensively in mitochondrial or cellular systems. This data is highly variable [39] and it is not always possible to determine the fit parameters; in particular the maximum turnover in e − s − 1 is frequently not available. However, our model outputs with regards to NO effects on oxygen consumption are very similar to those of Antunes et al. [14] who did fit their model to mitochondrial and cellular (hepatocyte) measurements.
There are a number of reasons for developing a model. In our case we are interested in two partially linked questions. Do we understand the molecular mechanisms by which NO interacts with the isolated cytochrome oxidase? Can we use this information to develop accessible and useful models of NO effects on oxygen consumption in more complex systems, from the organelle to the whole organism? At the first molecular level our current steady-state model is an advance on our previous equilibrium model. We showed that the equilibrium model could not be valid; the added complexity of the interactions we needed to include was, gratifyingly, consistent with the range of non steady-state measurements of NO interactions with the oxidised and reduced enzyme. Furthermore the model makes explicit and testable predictions. Chief amongst these is the nature of the steady-state intermediates in the inhibited steady state. Although at very high NO levels the model predicts 100% occupancy of the ferrous haem a 3 nitrosyl complex, there is a strong prediction that N90% inhibition can be achieved whilst a significant fraction of the enzyme is in the oxidised-nitrite bound state. This is consistent with previous spectral observations of the NO-inhibited state at low and high reductive pressures [10] . Simultaneous oxygen consumption and spectral measurements [39] are still needed to confirm experimentally the relationship between the fractional NO-bound states and the fractional inhibition of oxygen consumption predicted by this model. Another advantage of the model being non-equilibrium is that is able to make use of, and is consistent with, measured rate constants for NO binding to, and metabolism by, cytochrome oxidase. Therefore it can make predictions about non steady-state behaviour, in particular the kinetics of the onset and offset of inhibition and the inhibitory intermediates populated. This will be relevant for cases where NO levels are transiently present in cells, either artificially induced by the experimenter or naturally by the organism itself. Given the relatively slow response time for O 2 and NO electrodes these studies are likely to require fast responding optical probes, however.
Despite the model being somewhat more complex than previous versions, it is still incomplete, and it is not entirely clear how important the omissions are. In particular only two reactions are included for NO interacting with the enzyme -the enzyme reacting species is assumed to be the oxidised or reduced binuclear centre. In fact all the oxidised species (O, F, and P) react with NO at slightly different rates [11] . A complete model would need to include all these interactions, but would be much more complex as it would also need to model the proportion of these different species in the catalytic steady state -an area where there is very little supporting data. Nevertheless the rates of NO binding to O, F and P are not dramatically different and we do not think this is a major omission. More important is the suggestion that the single reduced binuclear centre can react preferentially with NO, but not oxygen, forming a ferrous nitrosyl complex [40] . This would create an additional species that can reversibly bind NO with no competition from oxygen. There are non steady-state data in selected mutants supporting this interaction [40] , although our comparison between NO and CO inhibition kinetics (CO cannot bind to the singly reduced binuclear centre) suggests this may not be a major mode of inhibition [22] .
We have assumed that the interaction of NO and the oxidised enzyme is irreversible. There is recent data that, at least for yeast cytochrome oxidase, this may not be the case; at low oxygen and high nitrite yeast cytochrome oxidase can reduce nitrite to NO [24] . This is not mechanistically surprising, the copper enzyme-nitrite reductase catalyses exactly this reaction [41] , although the redox potentials make it unfavourable at the low nitrite levels found in most mammalian cells. Kinetically nitrite binding to mammalian cytochrome oxidase is very slow, with mM concentrations taking over an hour to bind to micromolar levels of the oxidised enzyme; and in mammalian mitochondria nitrite reduction to NO seems to be catalysed by the bc 1 complex, not cytochrome oxidase [42] . However, even the lowest oxygen concentration used in our data set (50 μM) is high compared to the in vivo situation so we cannot exclude this possibility entirely.
We have deliberately not included the effects of a proton motive force in our model, reasoning that we should first be sure we understand the less complex "uncoupled" system. However, the effect of energisation on NO inhibition has been studied by a number of groups. It is clear that for isolated mitochondria NO is a more effective inhibitor during state 3 (unenergised) than state 4 (energised). It has been suggested [43, 44] that this is due to cytochrome oxidase activity being more limiting (i.e. having a greater control strength) over state 3 respiration [45] . However, the system is more complex than this. The oxygen K m is a complex function of energisation [33, 46] . Simple models suggest an increased K m in state 3 respiration and this would indeed be expected to increase the effectiveness of a competitive inhibitor [47] . Antunes and co-workers [14, 21] have modelled the state 3/state 4 transition simply by altering the rate of electron entry to the enzyme (the E ⇒ ER state in model D). They conclude that the reason for the different threshold values for NO inhibition in state 3 and 4 is the formation of the ferrous nitrosyl complex. This assumes that the proton motive force only acts via changing the electron pressure on cytochrome oxidase (in effect the concentration of reduced cytochrome c represented by k 1 in model D). Representing a proton motive force as a factor that decreases k 1 will result in a decrease in the K m for oxygen in state 4 [17] . However, this is not consistent with data and models where the effect of energisation is itself a function of the oxygen tension i.e. the enzyme does not obey simple Michaelis kinetics [33] . More complexity clearly needs to be introduced in this part of the model. Possibilities include modelling k 2 as a reversible step [33] or possibly including . This number was chosen solely to mimic approximately the removal of NO seen in the data traces and consequently allow inhibition constants to be calculated (see Table 1 ). For lower turnovers, at consequently lower levels of nitric oxide reducing agents, the rate constant for NO removal was decreased to 100 M − 1 s The values from the data (fitted) were taken from Mason et al. [22] . The model (true) values were calculated from the steady state rate equation as per Fig. 6c . The model (fitted) values were calculated by analysing time courses as per Fig. 8 , in an identical fashion to the analysis of the real data in Mason et al. [38] . The rate constants used in the model (true) and model (fitted) were therefore identical.
additional terms in the oxygen reaction (k 3 ) given that charge translocation events are clearly important in the oxidative, as well as the reductive, parts of the oxidase cycle [48] . One area that can be improved in the model is the treatment of cytochrome c. It is clearly possible to include the oxidation and reduction of cytochrome c explicitly in the model. Although the steady-state equations become very unwieldy, dynamic modelling is still relatively trivial [17, 21, 27] . It has long been known that a change in the redox state of cytochrome c (increased reduction) will be the first sign of a limitation in oxidase activity, whether initiated by a decrease in oxygen concentration [49, 50] or the addition of a cytochrome oxidase inhibitor [51, 52] . So it is expected that NO will have this effect. Indeed the shape of the plots of fractional inhibition versus [NO] suggest that the cytochrome c redox state does indeed respond to the addition of NO to "cushion" the inhibition [22] . Such redox state changes have been seen in cells, where it has been suggested that they could play a signalling role [53] .
With regards to the second purpose of the model what implications does this work have for the systems modelling of mitochondrial function [54] ? There have been many attempts to model mitochondrial metabolism and tissue oxygen consumption recently [55] [56] [57] [58] [59] [60] . Given the many and varied roles of NO in affecting blood flow and, potentially, oxygen consumption, it is clearly of interest to include the interactions of NO and cytochrome oxidase in such systems models. Those models that have included nitric oxide effects on oxygen consumption have focused primarily on the competitive interaction [28, 61] ; there is an increasing awareness that this is an oversimplification [14, 62] . This paper suggests if the modeller's interest is in consumption effects alone, rather than enzyme intermediate levels, then a simple model such as model D [14] is likely to be an adequate description of the uncoupled state. However, the effects of energisation remain somewhat unsatisfactory in all the current kinetic models.
As a final point we should note that we have focused purely on steady-state inhibition constants, without addressing how the levels of substrate and inhibitor arise. As stated in our original papers [9, 23] and modelled elegantly recently by Antunes et al. [14] , a strong argument can be made that interaction of NO with oxidised cytochrome oxidase is not an inhibitory interaction; instead it plays a key metabolic role reducing the levels of NO available to inhibit mitochondrial oxygen consumption.
